In seismic experiments, waves that bounce back and forth between layers are called multiple reflections. Since these waves interact repeatedly with the heterogeneities in the earth, the relation between the multiple reflections and the earth structure is nonlinear. Present-day seismic processing is geared toward suppressing these multiples rather than extracting the information that is contained in this part of the wavefield. The main motivation for this is that the retrieval of earth structure from multiply-scattered waves is assumed to be an inherently unstable process so that random noise or unwarranted assumptions magnify under the nonlinear inversion steps needed to map the multiple reflected waves onto a model for the earth's interior. It is for these reasons that Claerbout (1985, 363) notes that: "Multiple reflections is a good subject for nuclear physicists, astrophysicists, and mathematicians who enter our field. Those who are willing to take up the challenge of trying to carry theory through to industrial practice are rewarded by some humility."
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At the Ecole Normal Supérieure de Physique et de Chimie Industrielles de la Ville de Paris a group working under the leadership of Mathias Fink has taken up this challenge. This group has pioneered the development of acoustic Time Reversal Mirrors (TRM) [for an overview see Fink (1997) ]. The idea behind TRM is that since the wave equation is second-order in time, solutions are invariant under time reversal: if ψ(r, t) is a solution then so is ψ(r, −t). This property is quite familiar to exploration seismologists, where reverse-time propagation of recorded seismic data forms the basis of migration algorithms. However, migration involves simulated propagation on a computer using a model of the subsurface elastic properties. The work of Fink's group, in contrast, involves the propagation of real physical waves in reverse time and doesn't require knowledge of the medium. How is this achieved? Waves digitally recorded via an array of piezoelectric transducers (the TRM), are reversed in time and played back using the receivers as a phased-array source. The conceptual simplicity of the TRM belies an impressive experimental achievement, one which has found many important applications. For instance, back propagating the waves scattered by an object focuses the waves on the scatterer, even though the location of the scatterer and the properties of the medium are unknown [see for example the measurements of Prada et al. (1996) ]. This ability has led to * Dept. of Geophysics and Center for Wave Phenomena, Colorado School of Mines, Golden, CO 80401. E-mail: jscales@dix.mines.edu. ‡Dept. of Geophysics, Utrecht University, P.O. Box 80.021, 3508 TA Utrecht, The Netherlands. c 1997 Society of Exploration Geophysicists. All rights reserved.
the TRM being employed in problems such as kidney stone destruction.
When the waves that are used in these applications are only weakly scattered, it is relatively easy to understand why the applications developed by the group of Fink work. However, recently this group published work in which they successfully imaged a time-reversed wavefield onto the source when the medium consisted of so many scatterers that wave propagation is governed by multiple scattering effects (Derode et al., 1995) . If their data were recorded with infinite accuracy and the receivers were located everywhere along a closed surface around the source, their result would be a natural consequence of the invariance of the acoustic wave equation under time-reversal. However, their time-reversed wavefield was recorded with only 8-bit accuracy, and the receivers were located on a relatively small part of the surface surrounding the source. Yet the backpropagated wavefield focused extremely well on the source region, even when the experiment was carried out using the coda of the recorded wavefield only! Why has nature refrained from teaching Fink and his co-workers some humility?
To see this paradox we show examples using the multiple scattering theory of Groenenboom and Snieder (1995) for isotropic point scatterers. For simplicity, the examples shown are for wave propagation in one dimension, i.e., the waves propagate along a line. The source is located at x = 0, on each side of the source two strong scatterers are positioned within a distance of 500 m. Two receivers located at ±6000 m record the wavefield. The data recorded by one of the receivers is shown in Figure 1 . It follows from the geometry of the problem and the wave velocity (2000 m/s) that all energy arriving later than t = 3.5 s consists of multiply-scattered waves. After time-reversal, the waves recorded at the two receivers are sent back from the receivers into the medium (which includes the scatterers). In Figure 2 , one can see how the waves propagate through the medium. Note that the wavefield is confined to a "light-cone" with the source at x = 0 and t = 0 as apex. As a consequence of the time-reversal invariance of the underlying wave equation, the wavefield collapses at t = 0 onto the source at x = 0. The time-reversed wavefield for data that are contaminated with 20% noise is shown in Figure 3 . Despite the background noise in back-propagating waves, the wavefield still collapses well at t = 0 onto the source at x = 0. This implies that the back propagation is fairly stable for the addition of random noise, despite the fact that the waves propagate through a strongly scattering medium. Figure 4 shows the time-reversed wavefield propagating through the medium, but now the position of the scatterers have been randomly perturbed with an rms perturbation of about 25 m. (This is only 1/4 of the dominant wavelength.) Note that now the waves focus poorly at t = 0 onto the source at x = 0 and that energy leaks out of the "light-cone," notably near t = 0. The small perturbation in the location of the scatterers has destroyed the delicate interference process that leads to focusing of the wavefield onto the source suggesting that focusing through multiple scattering media is an inherently unstable process. So here is the issue: is Claerbout correct in his statement about the futility of using multiple scattering data for imaging the earth's interior, or is Fink's group right with their apparently stable time-reversed experiments? The answer is both are right! We are considering two different kinds of instabilities. In the physical experiments of Fink's group, the time-reversed wavefield will be slightly in error because of the 8-bit digitization. However, the time-reversed wavefield acts as a linear boundary condition on the complete wavefield. This implies that since the medium used by Derode et al. (1995) , for the forward and reverse propagation is identical, their experiments are not prone to any nonlinear error magnification process. In contrast, Claerbout (1985) refers to the fact that imaging is extremely difficult in a strongly scattering medium that is known with only a limited accuracy. His pessimistic conclusion is supported by the example shown in Figure 4 . The upshot of this issue is that when one discusses instability of multiple scattering processes one should carefully state whether one refers to instability of the wavefield to perturbations of the boundary conditions, instability of the wavefield to perturbations of the medium, or instability of the inverse problem to perturbations of the data. These are different issues that should not be confused. In any case, the experiments of Fink's group have shown that it is possible to make use of multiply-scattered waves in an industrial context. 
